Common carp (Cyprinus carpio) initially weighing about 100 g were fed a lowmagnesium diet for 17 weeks. The fish survived this treatment and had a healthy appearance. However, the fish became hypomagnesemic and their growth rate decreased. The bone sodium concentration increased and the magnesium concentration decreased. It thus appears that in carp, under dietary magnesium deficiency, magnesium is mobilized from internal stores and that magnesium in the bone mineral is replaced by sodium. Low-magnesium fed carp farther showed a decreased branchial Na*/ K * -ATPase specific as well as total activity. Unexpectedly, the opercular chloride cell density in creased. We tentatively conclude that more and new chloride cells with a lower Na + /K +-ATPase content develop during this treatment. We further conclude that adult carp require dietary magnesium for the maintenance of their magnesium balance as well as for the proper functioning of branchial ionoregulatory mechanisms. Low-magnesium fed carp do not acclimate but appear to tolerate a dietary magnesium deficiency, f
M agnesium is an essential elem ent and it plays a pivotal role in the physiology of vertebrates. Fresh w ater fish can take in m agnesium via branchial and in te stin a l routes. In tilap ia (Oreochromis m ossam bicus) intestine, a n et mucosa-to-serosa m agnesium flux was dem onstrated (van der Velden et al., '90) , and these experiments have given direct evidence for a role of the intestine in magnesium absorption in fish. In experim ents w ith ad u lt freshwater tilapia (about 200 g) fed low-magnesium diets (Mg content: 1 m m o l.k g '1 versus 30 mmol.kg -1 in th e control diet) we have shown th a t this species can survive low-magnesium feeding and keeps on growing w ithout depleting the magnesium pools of scales, bone, or muscle (van der Velden et al., '91b) . It was concluded th a t th e adult tilapia has acclim ational m echanism s to cope w ith low-magnesium feeding and th a t th e im portant ionoregulatory hor mone prolactin may play a pivotal role in this accli m ation process (van der Velden et al., '92) .
Carp take up a t least 84% of th eir m agnesium from the food via th e intestinal tract and maximally 16% directly from the w ater via the integum ent (gills, skin); drinking (if these fish drink at all under norm al circumstances) will contribute 10% at most to this integum ental uptake of m agnesium and is, in th is respect, assum ed to be insignificant for the physiology of the fish (van der Velden, '91a). Dietary magnesium requirements of teleosts have been stud ied by a num ber of workers. For small carp (initial weight: 2.8 g) a m agnesium requirem ent of around 20 m m ol.kg_ 1 food has been reported for optim um growth (Ogino and Chiou, '76) . Diet studies of this kind on adult carp are to our knowledge lacking. We here address the question w hether th e adult carp is capable to cope w ith low-magnesium feed ing conditions. We have determ ined growth rate, the elemental composition of plasm a and bone, and analyzed some ion regulatory m echanism s. The study of ion regulatory m echanism s included the evaluation of prolactin cell activity, opercular chlo ride cell density, and branchial N a +/K + -ATPase content. Branchial N a +/K + -ATPase activity is con centrated in th e chloride cells (H ootm an and Philpott, '79; '87) . The hem a tocrit was determ ined as a param eter for drastic changes in ion regulation (Milligan and Wood, '82) and the health condition of the fish.
MATERIALS AND METHODS
Adult carp (Cyprinus carpio) were kept in all-glass aquaria filled w ith 450 liter Nijmegen tap water. The magnesium concentration of the w ater ranged from 0.17 to 0.23 mM, the pH was around 7.6, and the tem perature was 25°C. The water in the aquar ium was filtered by recirculation through an 800 liter biological filter system and continually re freshed w ith 300 liter w ater per day. The photope riod was automatically controlled (12 h light: 12 h dark). The fish were weighed weekly. We used a PM34 Delta Range balance (Mettler, Tiel, The Neth erlands) th a t allows weighing of free swimming fish and minimizes handling stress. The balance pre cision was set to 0.1 g. Fish weights were rounded off to the nearest gram.
The fish were fed daily 2% of the total wet weight of the group by m eans of an automated food dis penser. A batch of 72 fish was randomly divided into two groups of 36 fish each, weighing 90 ± 14 g (mean ± s.d., experimental group) and 88 ± 14 g (mean ± s.d., control group). Both groups were fed the control diet for two weeks. Then the experiment was started by providing the experim ental group (weighing now 109 ± 22 g) a low-magnesium diet; the control group (weighing 103 ± 16 g) received control diet. The duration of the experiment was 17 weeks. The composition of the control diet has been described previously (van der Velden et al., '91c) . In the experimental diet, MgO and M gS04.-2 H2O were completely replaced by glucose mono hydrate. The total magnesium concentrations in the control and the low-magnesium diets were 30 ± 5 and 1 ± 1 m m ol.kg"1 diet, respectively. Both diets were produced by Hope Farm s (Woerden, The Netherlands).
With 2 to 5 week intervals (depending on the type of param eter th a t was determined) fish were sam pled a t random from the populations for further analyses. The randomness of sampling was ascer tained by testing the body weight distribution in the populations for normal distribution (see below).
Mixed arterial and venous blood was collected by puncture of the caudal vessels using an ammonium heparin-rinsed tuberculin syringe fitted w ith a 21G needle. Blood was separated into plasm a and cells by centrifugation at 9000g for 3 min. P art of the blood plasma was ultrafiltered using filter-units (ultrafree-MC UFC3 TGCOO, Millipore, Bedford, MA, USA) with a 10 kDa molecular cut-off. The magnesium and calcium concentrations of blood plasma and ultrafiltered blood plasm a were deter mined with commercial kits (numbers 595 and 587 for calcium and magnesium, respectively; Sigma Chemical Company, St. Louis, MO). The magnesium assay is based on the colorimetric assay of a complex of magnesium and calmagite (l-[l-hydroxy-4-methyl-2-phenylazo]-2-naphtol-4-sulphonic acid) a t 520 nm. The calcium assay is based on the colorimetric assay of a complex of calcium and cresolphtaleine complexone at 595 nm. The osm olarity of blood plasm a was determined w ith a micro-osmometer (Roebling Inc.) using distilled w ater and a 300 m O sm ol.kg-1 standard (Sigma Chemical Company) as reference. Hematocrit was assessed after 10 m in centrifuga tion of heparinized blood sam ples in 75 (jlI glass capillaries.
The fish were killed by transection of th e spinal cord. Then th e fish was microwave-cooked for three m inutes and three vertebrate of th e caudal spinal cord were collected and freed of ad h erent muscle. The bone tissu e was w eighed, lyophilized, and weighed again to assess th e w ater content of the sample. The magnesium, calcium, and sodium con centrations of th e skeletal bone were determ ined by instrum ental neutron activation analysis (van der Velden et al., '89) . In short, lyophilized sam ples of 5 to 150 mg were encapsulated in 0.5 ml poly ethylene vials and irra d ia te d w ith a th e rm al neutron flux of 1.3-1017 m~2.s_1 for 20 sec. After a 20 sec delay, the samples were m easured w ith a gamma-ray spectrometer consisting of a lead-shielded High Purity Germanium detector (Ortec, Oak Ridge, TN, USA), a spectroscopy am plifier (model 673, Ortec), and a m ultichannel an aly ser (TN 1710, Tracor N orthern, Middleton, WI, USA) including a 200 MHz analog to digital converter. M agnesium was m easured via 27Mg (half-life 9.46 min, E7 = 844 and 1014 keV), calcium via 49Ca (half-life 8.72 min, E , = 3084 keV), and sodium via 24N a (halflife 15.03 h, E 7 = 1368 and 2754 keV). C alibra tion was performed via zinc flux monitors irradiated simultaneously w ith th e samples. A fter every eight samples, a sample of "Standard Reference M ate ria l 1571 Orchard Leaves" and of "Bowens Kale" were included. The determ ined values m atched these reference m aterials and indicate th a t no sys tem atic errors in th e assay occurred.
The complexity of th e gill stru ctu re makes it dif ficult to estim ate th e n u m b er of chloride cells therein. We therefore present th e num ber of chlo ride cells per surface area in th e opercular mem brane, which is considered to reflect th e branchial chloride cell content (Foskett et al., '81) . To esti m ate the chloride cell density in th e inner opercu la r membrane, a complete operculum was excised and transferred to well-aerated w ater containing 2 (xmol.l" 12-(dimethylaminostyryl)-l-ethylpyridiniumio-dine (DASPEI;ICN Biomedicals, S anta Ana, CA, USA), which stains th e mitochondria-rich chlo ride cells (Bereither-Hahn, '76). After 45 m in the operculum was rinsed three tim es for 5 m in in w ater and exam ined w ith a Zeiss epifluorescence micro scope at a magnification of x 250. Cells were counted in 20 different squares of th e opercular epithelium w ith a total surface area of 5 m m 2 per fish.
The branchial epithelium was scraped off the gill arches onto an ice-cooled glass plate w ith a micro scope slide. The collected soft tissue was transfer red to a n isotonic buffer c o n tain in g 300 mM sucrose, 20 mM Hepes/T-ris, pH 7.4,0.1 mM EDTA, 0.1 mM dithiothreitol (Sigma Chemical Company), 100 U .m l-1 aprotonin (Sigma Chemical Company) and 50 U .m l-1 N a-heparin. The scrapings were homogenized in th is buffer using a tig h t glass-toglass P otter homogenizer. D uring the homogenization step disrupted m em branes tend to reseal and due to th is process su b strate sites may become masked resulting in an apparent decrease of enzymic activity. S ubstrate accessibility was optimized (Flik et al., '90b) by treatm en t w ith the detergent saponin (20 (xg.ml-1 m em brane protein). The N a +/K + -ATPase activity was determ ined by th e method of Bonting and Caravaggio ('63) . In short, the N a +/ K +-ATPase activity was defined as th e K +-dep en d en t an d ouabain-sensitive ATPase activity, determ ined as th e difference in m em brane induced ATP-hydrolysis in a m edium containing both N a + and K + and in a m edium containing no K + but 1 m g .m l-1 ouabain (G -strophantin, Boehringer, Mannheim, Germany). Protein was determined with a 'Bradford-type' protein assay (Biorad, Richmond, CA, USA) using bovine serum album in as a refer ence protein. Enzym ic activities are presented as specific activity expressed as th e am ount of inor ganic phosphate liberated from ATP per h per mg m embrane protein (|xmol.h_1.mgprot}_1). The total ATPase activity was calculated as the product of the specific activity and th e total protein content of the b ranchial epithelial hom ogenate (ixmol.h-x).
A m easure for th e prolactin cell activity is the rate of uptake an d incorporation of tritia te d amino acids by freshly dissected p itu ita ry glands in vitro, as described previously (W endelaar Bonga et al., '88; F lik et al., '89) . Briefly, th e freshly dissected ro stral pars distalis ("prolactin lobe", RPD) of the p itu ita ry gland was preincubated for 30 m in in H an k 's Balanced S alt Solution (Sigma Chemical Company) and subsequently incubated for 4 h in 50 |jl1 of th e solution containing 1 MBq [3H]-lysine or [3H]-leucine (Amersham International pic, Amersham , U.K.). Subsequently th e RPD was homoge nized and the homogenate and the products released to th e incubation m edia (collected by trichloroace tic acid precipitation) were subjected to sodium dodecyl sulphate polyacrylamide gel electrophore sis (SDS-PAGE; for detailed description of the pro cedures see W endelaar Bonga e t al., '83). A fter separation the prolactin band was identified by Western blotting, using an antiserum raised in rab bits against salmon (Oncorhynchus nerka; a gen erous gift from Dr. B.A. McKeown, Vancouver, B.C.). At the light microscopic immunohistochemical level th is antiserum highly specifically stains the ros tra l pars ditalis cells th a t are considered th e pro lactin cells (data not shown). The newly synthesized prolactin was identified by an im m unoprecipitation technique (Flik et al., '90a) 
Data handling
D ata are presented as m ean values ± stan dard deviation of th e m ean. D ata were sta tis tic a lly analysed by S tudent's t-test. The body weights of the experim ental and control group were s ta tis ti cally tested for a norm al distribution at th e s ta rt and at the end of the experim ent, using th e Kolmogorov-Smirnov test. S tatistical significance was accepted at P =£ 0.05 unless indicated otherwise.
RESULTS
During the experiments no mortality was observed and all fish appeared healthy. Both groups were steadily growing from 103 ± 1 6 g (n = 3 6 )to 4 1 5 ± 28 g (n = 11) and from 109 ± 22 g (n = 36) to 356 ± 60 g (n = 11) after 17 weeks for th e control and ex perim ental group, respectively. The body weights of the experim ental and control group a t the be ginning and end of th e experim ent were norm ally distributed (data not shown) and therefore, the use of the Student's t-test for the assessm ent of the sig nificance of differences in body weights is justified. The body weight ranges a t th e s ta rt of the experi m ent were comparable; the range in body weights at the end of the experim ent was significantly (P < 0.01) larger in the experim ental group (262-444 g) than in the control glroup (355-450 g). A mean decrease in the growth rate over th is 17 week tim e period of 21% (P < 0.01) can be calculated for carp fed the low-magnesium diet.
J.A. VAN DER VELDEN ET AL.

Time (weeks)
Pig. 1. Bone magnesium content in carp fed a low-magnesium (1 mmol.kg _1) diet (•-•) or a control (30 mmol.kg _1) diet (A-A). Significant differences occurred as early as two weeks after the start of the experiment. No recovery in bone magne sium content was observed in the experimental fish.
The magnesium concentration in vertebral bone of the control group did not change significantly during the experim ental tim e period; th e mean value was 99 ± 19 m m ol.kg"1 (n = 25). However, in the experim ental group, this concentration had decreased (P < 0.025) after two weeks to 66 ± 7 mmol.kg_1(n = 5)andto42 ± 9mmol.kg_1(P<0.01; n = 5) after 17 weeks (Fig. 1) . The calcium concen trations in the bone of both the control and experi m ental group did not change in time (P > 0.15) and the mean values in time were3,800 ± 250mmol.kg_1 (n = 25) and 3,850 ± 350mmol.kg_1(n = 25),respec tively. The sodium concentration of the bone after 2 weeks was comparable for control and experimen tal carp, viz. 188 ± 6 m m ol.kg"1 (n = 5) and 198 ± 21 m m ol.kg"1 (n = 5), respectively. However, after 17 weeks the sodium concentration had increased (P < 0 .02) in the low m agnesium fed carp, viz. from 217 ± 8m m ol.kg" 1(n = 5 )in th eco n tro lsto 2 3 4 ± 9 mmol .k g " 1 (n = 5) in the experim entáis. The m ean water content of the vertebrate of control and exper im ental carp was not significantly different, viz. (52 ± 4)% (n = 25) and 51 ± 3)% (n = 25), respectively.
The mean concentrations of m agnesium and cal cium in the plasm a and its u ltrafiltrate, the osmolarity of the plasma, and th e blood hem atocrit of control and low-magnesium fed carp a t week 10 and week 17 are given in Table 1 . Values for hem ato crit and plasm a osmolarity did not change. Total plasm a and ultrafiltrable plasm a m agnesium con centrations were significantly reduced. Plasm a cal cium was slightly b u t sig n ifican tly (P < 0.05) reduced a t week 17, and plasm a u ltrafiltrab le cal cium was reduced both a t week 10 and 17. Table 2 shows the branchial N a +/K + -ATPase specific and total activities and the opercular chlo ride cell density in control and experim ental fish at week 10 and 17. After 10 and 17 weeks th e b ran chial N a +/K + -ATPase specific activities in the experimental fish amounted to 35 and 45%, respec tively, of the values in th e controls; th e correspond ing total activities am ounted to 35 and 40%, respectively. The num ber of opercular chloride cells in the experimental fish had more th a n doubled after 17 weeks.
Based on the u ltrastru ctu re of th e prolactin cells of both groups no indications for changes in activ ity were found (Fig. 2 ). An antiserum raised against Pacific salmon recognizes a 20 ± 0.8 (n = 5) kilodalton protein species in extracts of carp p itu itary 1P10? " ncentratl0IJs (m mM)' plasma osmolarity (in m0sm.kg-l), and hematocrit value (in % of the total blood volume) in carp after 10 and 17 weeks feeding on a low-magnesium diet (1 mmol.kg-*) and a control diet (30 mmol.kg-1). Mean values ± standard deviation are given, the number of observations is 5. *P< 0.05.
**P< 0.02. ***P<0.01. 13.2 ± 6.4*** 141 ± 66*** 59 ± 7*** 1N a+/K +-ATPase specific activity (in ^mol P¡. h " '.m g -1 protein), total activity (in |xmol P¡.h-1), and opercular chloride cell density (number.mm"2) in carp feeding for 10 and 17 weeks on a diet containing 1 mmol.kg-1 Mg (experimentáis) and 30 mm ol.kg"1 Mg (controls). ***P < 0.01.
glands and a 20 ± 0.9 (n = 10) kilodalton labeled protein species after labeling of the glands w ith radiolabeled amino acids (Fig. 3) . Prolactin cell activ ity as indicated by th e rate of synthesis of newly formed prolactin did not notably change. After 10 weeks th e values (in arb itrary un its %) for th e 20 kD a peak areas were 100 ± 32 and 66 ± 30 (n = 5,P > 0.075) for controls and experimentáis, respectively; after 17 weeks th e values were 100 ± 38 and 107 ± 31 (n = 5, P > 0.15), respectively.
DISCUSSION
Carp feeding for 17 weeks on a low-magnesium diet become hypomagnesemic and mobilize m ag nesium from their bone. Furtherm ore, the decreased branchial N a +/K +-ATPase activity and the in- 28 (xg protein) . The sample was separated by 1-dimensional gel electrophoresis under reduc ing conditions. Transfer to nitrocellulose was complete after 1 h at 100 V. Nitrocellulose was probed with a 1:5,000 diluted antiserum against Pacific salmon prolactin antiserum, followed by peroxidase-conjugated goat anti-rabbit IgG. Prestained mark ers were used for calibration. B: Fluorograph of [3H]-lysine labeled products newly synthesized by carp pituitary glands in vitro during a 4 h incubation period; a, tissue extract; b, products released to the medium; c, immunoprecipitated newly synthesized products from carp rostral pars distalis labeled with [3H]-leucine during a 4 h incubation in vitro.
[14C]-labeled pro tein markers were used for calibration. creased opercular chloride cell density indicate th at a low magnesium diet disturbs the ionoregulation at the level of the gills. We conclude from the absence of m ortality and of notable changes in hem atocrit th a t the health of th e fish was not seriously affected by the low-magnesium diet. This conclusion is fur ther supported by the observation th a t the fish con tinued to grow. Thus for survival carp are not fully dependent on a strict control of th e plasm a m ag nesium levels. They tolerated the lowered m agne sium levels in the blood and in other tissues for at least four months.
The values for ion content of plasm a and bone tissue determined for the control carp are in good agreement w ith earlier reports on this species. We found a mean magnesium concentration in blood plasma and in plasm a u ltrafiltrate of 0.94 ± 0.18 niM (n = 15) and 0.73 ± 0.11 mM (n = 15), respec tively. Previously we reported a m agnesium con centration in blood plasm a and in u ltrafiltered plasm a of 0.96 ± 0.06 mM and 0.61 ± 0.01 mM, respectively (van der Velden e t al., '91a). H unn ('72), Houston ('85), and Jensen ('90) found m agnesium concentrations in carp blood plasm a of 0.93 ± 0.05 mM, 1.15 ± 0.16 mM, and 0.94 ± 0.12 mM, respec tively. We found a blood plasm a calcium concentra tion of2.20 ± 0.44 m M (n = 15). E arlier reports give values ofl.99 ± 0.05 (H unn,'72) and between 2.6-3.3 mM (N anba et al., '87) . The plasm a osm olarity of 260 ± 4 m O sm .kg-1 is close to th a t reported by N anba et al. ('87) , viz. around 250 m O s m .l '1. We found a magnesium and calcium concentration in th e vertebrae of 99 ± 19 m m ol.kg-1 (n = 25) and 3,820 ± 270mm ol.kg_1(n = 25),respectively. Ogino and Chiou ('76) found in carp, fed a (control) diet with a magnesium concentration comparable to th a t of the experiments described here, values of about 105 and 3,120 mm.ol.kg~1 for m agnesium and cal cium, respectively. From this comparison of the ele m ental composition of im portant m agnesium and calcium pools in the fish, we conclude th a t our con trol diet does not disturb the m agnesium or cal cium balance of carp and may be considered as a sufficient diet.
The decrease in the m agnesium concentration of the vertebrae found in carp on a low-magnesium diet is in agreem ent w ith a report by Ogino and Chiou ('76) , who found for sm all carp (around 8 g) fed a diet containing 3.3 mmol m agnesium per kg a decrease in bone from 105 to 64 m m ol.kg-1 after 4 weeks. Apparently, carp can mobilize m agnesium from th eir bone compartment. Moreover, these data suggest th a t the regulation of storage of these ions occurs by independent mechanism s. A decrease in th e m agnesium concentration of bone was also observed in some other freshw ater teleosts, such as rainbow trout (Oncorhynchus mykiss), channel cat fish (Ictalurus punctatus) an d guppy (Poecilia reticulata), fed a low-magnesium diet (G atlin et al., '82; Knox et al., '83; Ogino et al., '78; Shim and Ng, '88 ). An increase of the sodium concentration in bone was observed in low-magnesium fed rainbow tro u t and guppy (Knox et al., '83; Shim and Ng, '88) . D ietary depletion of m agnesium in higher verte brates such as ra ts and dogs also resu lted in a decrease of the magnesium concentration in plasm a and bone and in an increase of the sodium concen tratio n in bone (George and H eaton, '75; Geven et al., '88) .
The control fish take in w ith th e ir food per day an average of 155 (xmol m agnesium (2% food per day on weight basis, food Mg content 30 mmol.kg "1, aver age w eight 259 g). Assum ing an overall magnesium concentration in th e carp of 13 ^.mol.g-1 (van der Velden et al., '91a), we calculate th a t these fish require 34 fxmol.day " 1 for growth. A pparently the food mag nesium is plentiful. However, under low-magnesium feeding conditions th e m ean q u antity of magnesium offered via th e food is only 5 (xmol per day for a fish of comparable weight. Obviously this low-magnesium diet is not enough to supply the magnesium required for grow th a t a ra te found in the control fish and this may explain the decrease in growth rate observed in th e experim ental fish. Likely carp fed the lowm agnesium d iet depend on the intake of m agne sium from th e water, a source which is of m inor importance when magnesium sufficient food is offered (van der Velden et al., '91a) . The frank mobiliza tion of m agnesium from the bone (discussed above) suggests th a t th e carp can not absorb (the essentially lim itless) m agnesium from th e water.
A paradoxical observation is th e decreased b ran chial N a +/K + -ATPase activity and the increased o p ercular chloride cell density. For th e tilap ia, Oreochromis m ossambicus, it was shown th a t upon exposure to acidified w ater th e increased num bers of opercular chloride cells correlate positively w ith the num bers of these cells in th e gills (Wendelaar Bonga et al., '90) . Also the N a +/K +-ATPase con te n t h ad increased in both th e opercular and b ran chial epithelium upon exposure of these fish to acidified water. A ssum ing th a t in th e carp a sim ila r correlation exists between th e opercular and branchial chloride cells, we predict from the increased num bers of opercular chloride cells in th e lowm agnesium fed carp an increased num ber of b ran chial chloride cells as well. In these fish th en increased numbers of chloride cells would go together w ith decreased N a +/K +-ATPase activity, a situ ation deviating from th a t observed in tilapia. The hypothesis to te st in th e future is th a t new chlo ride cells develop in th e gills of these fish w ith a m arkedly different enzymic make-up. In general however, th e d ata point to a dietary influence on branchial ionoregulatory mechanism s. A sim ilar conclusion was draw n for tilap ia fed the sam e diet (van der Velden et al., '92) . However, the responses of carp to a low-magnesium diet differ in several aspects from those of th e tilap ia (van der Velden et al., '92, '91b) : low-magnesium fed tilapia also grow slower th a n th e ir controls b u t in contrast to the carp no changes were detected in th e m agnesium con centration of th e bone or the blood plasma. F urther more, in tilapia a significant increase of the prolactin cell activity was observed, w hereas in carp prolac tin cell activity had not changed. T ilapia showed responses th a t characterize these fish as an effec tive acclim ator to changes in environm ental con ditions (van der Velden et al., '92) . Conversely, as judged from the prolonged hypomagnesemia, carp react more as a tolerator to low-magnesium feed ing. Tolerance has been implied earlier for carp as a strategy to cope w ith other strenuous conditions such as anoxia (van den T h illart e t al., '89).
